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dynamic model. This is a crucial step in the design process because, based on this prediction, the manufacturers provide the equipment suppliers with the acceleration levels that the various equipments must be capable of sustaining. A classical analysis of the dynamic behavior of a spacecraft, based on an assumed description of the modal damping, is used to qualify the stress level of each subcomponent. The modal damping factors are identified for the global structure using experimental modal analysis, which is an expensive and timeconsuming process. Conversely, in a predictive dynamic approach, the dissipation sources must be known and described quantitatively on a smaller scale.
The main sources of dissipation in a satellite are: the composite sandwich plates, the connections between plates, the cables and the components. A first study of sandwich panels was proposed in [4, 5, 6] . The dissipation was assumed to be proportional to the elastic strain energy of the elementary ply divided into longitudinal, transversal and shear parts for the skin. Each part was associated with a Specific Damping Capacity (SDC) which was assumed to be independent of the stress level being considered. A second study concerning the connection between structural panels was proposed in [7] . An experimental test showed that the SDC was not constant, but that it varied as a function of the vibration amplitude.
Then Thales Alenia Space set out to study the other contributions to global damping. In [8] , the authors presented experimental results concerning the effect of a series of complex fasteners in a sandwich panel on damping. The present work deals with the influence of electric cables on damping.
A cable is an arrangement of rigid and soft materials fixed on a panel. For very simple geometries, such as a damping layer inserted between a panel and a rigid layer, it is possible to express a relation between the viscoelastic properties of the damping layer and the macroscopic damping coefficient, as in [9, 10] . In such an approach, the geometry on the microlevel is described using finite elements. However, the numerical modeling of cables is difficult because the geometries of the strands of cables and the specific fasteners are very complex. The usual way of taking into account the effect of cables on damping consists in carrying out experimental dynamic tests of the structure, including the cables and components. But this approach is not predictive and it provides no understanding of the origin 2 of the dissipation. Another possible approach consists in performing a local analysis of the dynamic behavior of each component in order to achieve a better understanding and a quantification of the dissipative mechanisms. The long-term goal is to develop predictive tools for the simulation of dissipation, then to calculate the modal damping coefficients prior to carrying out tests on the complete satellite.
In this paper, the experimental procedure is based on a differential approach and on the use of a specific four-point bending setup to set and measure a bending displacement.
During the launching stage, satellites (and, therefore, their connectors) are subjected to high loading levels. These loads are related to specific events such as engine ignition [11] , engine shutdown [12] , stage separation [13] and the deployment of panels [14] . In order to qualify a satellite, dedicated tests [15] are carried out prior to its launching. These tests are developed around specific frequency ranges and generate characteristic loads to be applied to the assemblies in order to simulate the in-flight vibrational environment. Such a simulation requires a very good understanding of the vibrational behavior of the satellite.
Then, a modal damping equal to about 2 % is assumed for some of the first modes of vibration which solicit the structure extensively. Previous studies of damping in honeycomb panels [5, 6, 16] showed that even though panels and joints are subjected to high stresses, they cannot be considered to be the main sources of dissipation. Following the analysis of the panels and joints, a third step in the identification and modeling of the damping sources concerns the dissipative phenomena on the cable level. In order to simulate the values of the modal damping coefficients, one models the dissipation in each cable and its connections based on the movement of the cable. This movement, which is a function of the curvature of the plate alone, leads to the description of both the bending of the cables and their slippage in the fasteners taking into account their height relative to the mean plane of the plate. The dissipation in the cables is measured as a function of the amplitude of the movement for a given frequency. We developed a differential measurement procedure in order to separate the dissipation in the cables from the dissipation in the setup, and also to separate the dissipation due to the bending of the cables from the dissipation due to the fasteners. The determination of the SDC using the dissipation model requires twocalculation steps. The first steps consists in calculating the eigenmodes. The second step consists, for each mode and for a given strain elastic energy of the structure, in integrating the movement of each cable to obtain the energy dissipated per cycle and per cable. The sum of the dissipated energies of all the cables divided by the elastic energy of the structure yields the contribution of the cables to the SDC. If the system is linear, which the results of our tests tend to indicate, the ratio of the dissipated energy to the elastic energy is constant and the calculation is straightforward. If this is not the case, the calculation must be repeated for several levels of elastic energy.
Description of the cables being studied
In a satellite, the electric cables may represent up to 30% of the overall mass. Therefore, their influence on damping can be significant. The cables are often laid out along the Cartesian directions and at different heights in order to allow the cables to cross one another, as shown in Fig. 1 . Thin specimen to be bolted on the plate Another parameter concerns the size of the cable and the associated fastener. For this first experimental approach, we used the two cable sizes presented in Fig. 3 : a white cable with 15mm average strand diameter, and a red cable with 6mm average strand diameter.
The specimens were prepared by Thales Alenia Space with using the same process as for a real satellite.
Definition of the cable dissipation parameters based on the kinematics of the panel
In a modal damping analysis of a sandwich panel, each mode of vibration is associated with a specific SDC. In a local analysis, a modal deformation of the panel induces a specific cable deformation. Our main assumption is that for a given maximum panel deformation following a given mode the dissipation of a cable is proportional to the summation of a kinematic parameter which varies along the cable. Clearly, as illustrated by Fig. 4 , for a given mode of the panel, each cable has its own amplitude of deformation and its contribution to the dissipation must be calculated as a function of the plate's modal deformation and its In order to define the experimental parameters which are considered to control the cable's dissipation, we propose two mechanisms: the first mechanism is associated with the cable's curvature, which is assumed to be identical to the panel's curvature in the same direction, and results in a driving parameter denoted ϕ. The second mechanism, located in the cable fasteners, is attributed to microslippage between the cable and its support on the fastener's level and results in a driving parameter denoted v. Although the cables are fastened at discrete points (see Fig. 5 ), it is convenient to define a continuous parameter based on the assumption that the distance between fasteners is constant.
Consequently, between two fasteners f i and f j , the curvature parameter φ ij and the slippage parameter V ij which control the dissipation of a cable L ij for a given mode and a given magnitude are assumed to be defined by the following integrals along the cable:
where: 6 − n 1 , n 2 are weighting parameters which affect the influence of the maximum curvature, but for easier identification, the choice is reduced to n 1 = n 2 − h is the height between the mean surface of the sandwich plate and the neutral axis of the cable,− χ is the plane curvature matrix based on Kirchhoff-Love's plate kinematics.
The experimental setup
The outcome of the experimental procedure must be the evolution of the dissipation as a function of the two variables for each cable considered. In order to simplify the identification of the function, the curvature of the cables can be chosen to be uniform. Thus, it can be obtained using a four-point bending test with the setup shown in Fig. 6 . In this setup, each cable is fixed to its plate by four supports. Then, the constant curvature leads to a very simple expression of the driving forces normalized by the length of the cable between the two outermost supports:
where χ xx is the maximum curvature for each cycle and the length between the first and fourth supports is L 14 = 669mm.
In order to minimize the dissipation by the setup itself, all the mechanical pivots were provided by the same flexible metallic connectors already used in [7] and [17] . Six identical specimens were fixed on an aluminum plate to ensure significant dissipation. Four strain gages were glued to the plate and connected as a full Wheatstone bridge to measure the curvature during the vibration response. The test consisted in free vibrations with an initial condition in the form of a pure displacement obtained using a 5 KN electromagnetic holder in the center of the upper plate. The natural frequency of the setup was 16 Hz, which corresponds to the low-frequency analysis requirement for the satellite. This frequency could be changed by modifying the stiffness of the middle plate and the mass of the setup structure, which can be made of steel or aluminum.
The supports glued to the aluminum plate and the cable clamps on the supports were provided by Thales Alenia Space. In order for us to be able to change the types of cables, 8 the number of cables or the heights of the supports, the cables were fixed on a thin plate which was bolted to the setup. Three heights were tested for both red and white cables, leading to 18 specimens for each type of cable as shown in Fig. 7 .
Each specimen was attached to the aluminum plate of the setup using 50 nuts bolted with 50 calibrated washers between the setup and the specimen. The tightening of the bolts was controlled by a torque wrench in order to ensure a constant effect of this fastening on the dissipation. The low dissipation levels to be measured required that the damping of the setup be minimized and that a differential procedure be used for the identification. Then, the dissipation of the cables was measured by comparison between the dissipation of the setup with the cable specimens and the dissipation of a reference specimen, designated as RSUS (Reference SetUp and Specimen), which consisted of fastened plates without cables, as shown in Fig. 8 . 
Measurement of the SDC
The first tests were performed in the reference configuration, i.e. the setup with six bolted plates and no cables. The global free vibration temporal response in the reference configuration is shown in Fig. 9 . Using three initial loading levels, we found that for a given level of deformation the logarithmic decay was the same. The acquired signals were the output signals of the strain gage conditioner. Using four strain gages welded in a full bridge configuration, the measured voltage, after calibration, was converted directly into a curvature.
The main result of the experiment was the logarithmic decay. An automatic analysis of the damping was carried out and the logarithmic decay for a given curvature χ p+n/2 and n half-periods was obtained as:
This procedure enabled us to measure the variation of the SDC as a function of the curvature. In order to obtain a good estimate of the logarithmic decay using only five halfperiods (n = 5) as in Fig. 10 , it was necessary to calibrate the zero value using the average signal before the identification.
Then the SDC was obtained as: Figures 11 and 12 show the SDC as a function of the curvature for the various configurations tested.
One can observe that the SDC increases with the curvature. The influence of the cable is significant only for the white cables. The curves of Fig. 12 for the red cables and the reference specimen are almost identical. Therefore, from here on, we will focus on the white cables alone in order to identify and model the bending and slippage mechanisms.
Identification of the dissipation model
In the previous section, the SDC values were extracted from the raw experimental results for various experimental configurations introduced in Section 2. In the following, those measurements are used to identify the dissipated energy of cables as a function of the bending of the plate and the slipping of cables into the fasteners, based on the modeling of the dissipation mechanisms detailed in Section 3. For a good identification procedure, the differential identification of dissipations is used to remove the dissipation of the setup.
Derivation of the dissipated energy per cable
The differential measurements of the effects of the cables must be defined in terms of energy. The total dissipated energy for each cycle as a function of the SDC and the elastic strain energy is given by:
The classical definition of the elastic strain energy based on Fig. 13 is:
In order to calculate the product of the two functions in Eq. (7) while limiting the influence of the noise due to the small number of cycles, we carried out a polynomial fit of the SDC curves.
The stiffness k was calibrated before each test using a static loading case with a known mass, even though its variation with the number of cables in the specimens was negligible.
In this case, the dissipation consisted of two parts, one related to the reference setup and the specimen, and the other related to the cables:
The evolution of the dissipation was obtained using the SDC measurements of Figs. 11 and 12 multiplied by the elastic energy. Fig. 14 shows that the influence of the cables onthe stiffness is very limited.
As shown in Fig. 15 , the dissipated energy of the setup with various specimens is influenced by both the number of cables and the height of the supports.
The advantage of an energy analysis is that each mechanism is associated with a dissipated energy. Thus, the differential identification procedure can be used to separate the energy dissipated in the cables from that dissipated in the fasteners and to eliminate the energy dissipated in the setup and in the specimen clamping devices. Based on the results of Fig. 16 , this approach leads to useful conclusions in terms of the dissipation for a length L 14 of the cables during one cycle as a function of the maximum curvature during the cycle. In the various test configurations, 2, 4 or 6 cables were tested simultaneously. A first validation of the approach was obtained by calculating the dissipation for one cable from the three tests. Fig. 16 shows a uniform response from the three test configurations. The evolution of the dissipation was fitted as a function of |χ xx | n 1,2 and the identification led to a good value n 1 = n 2 = 2. Fig. 17 shows that modeling the dissipation as a linear function of the number of cables leads to an accurate match with the discrete experimental results for 2, 4 and 6 cables and two heights.
Identification of the bending and slipping mechanisms
The model assumes that the damping in the cables involves two mechanisms. The first mechanism is associated with the bending of the cables and the second mechanism consists by the length between four fasteners of the specimen (3L ij ), was defined using:
Validation for other values of the curvature
Next, the dissipation associated with the bending of the cables shown in Fig. 18 was calculated from the experimental data at each bending level. The dissipation associated with slippage of the cables was calculated, by difference with the total dissipation due to the cable, as a function of the square of the bending curvature. This decomposition of the dissipation of the cable is shown in Fig. 19 based on the average values of all the experimental curves and on the model with the constants of Eq. (10) identified previously.
Discussion
The analysis of the damping associated with the cables was carried out using a dissipated energy approach, which enables one to distinguish among the contributions of each mechanism and the dissipations associated with the setup, the bolted joint and the cables.
The use of the model as a predictive tool involves two stages: first the simulation of all the dissipation phenomena, then the construction of the SDC.
Simulation of the dissipation phenomena
For a given mode, the kinematics is known and the driving parameters can be calculated as functions of the strain. Regarding the effects of the cables, the dissipation is modeled as a function of the bending curvature using the following equation:
where − n b is the number of cables, − n i is the number of segments between two fasteners of Cable i.
For the specimens which were tested in the setup, in which all the cables and all the segments have the same curvature, Eq. (11) can be rewritten as:
where L ij is the constant length between two fasteners.
The curves given in Fig. 20 show, in the case of the setup with a single cable, the dissipation model associated with the cables as a function of the curvature at various heights, including the case of the direct bending of the cable about its own neutral axis. In this simulation, the dissipations associated with the mechanical joint between the setup and the specimen and with the setup itself were disregarded.
Construction of the specific damping capacity
In order to simulate the dynamic response of a structure numerically, a good approach consists in using a modal damping capacity. Here, the specific damping capacity is defined as the ratio of the dissipated energy to the elastic energy [18] . The fact that the identified values of n 1 in Eq. (1) and n 2 in Eq. (2) were very close to 2 led us to the conclusion that the dissipations associated with both the curvature parameter φ ij and the slippage parameter V ij are nearly proportional to the elastic strain energy. Therefore, the SDC associated with the cables alone is almost constant and independent of the bending curvature. The resulting SDC value for the cables at height H3 (shown in blue in Fig. 21 ) was found to be equal to 5%. The good agreement with the corresponding SDC values derived experimentally (in red) confirms that the recovery of the SDC was satisfactory. For comparison, the black line in Fig. 21 shows the experimental SDC of the setup with bolted plates and no cable (RSUS). As noted in [7] , the SDC of a bolted system depends on the amplitude. In order to obtain the actual SDC, one must take into account the dissipation of both the RSUS and the cables at height H3. Therefore, the final SDC is not simply the sum of the simulated SDCs of the cables and the RSUS. Instead, one must calculate the corresponding dissipated energies based on the plate's curvature in the direction of the cable, then total the dissipated energies as defined in Eq. (11) . In the case of a vibrating structure, the curvature and slippage parameters inthe direction of the cable must be calculated using projector S as in Eq. (1) and Eq. (2).
In order to obtain the SDC of the structure, the dissipation in the cables must be added to the dissipation in the plate ( [14, 3] ), then divided by the total elastic energy of the structure over one cycle.
Conclusion
In this paper, we presented the first contributing elements to the understanding and modeling of the dissipation mechanisms due to the presence of electric cables in a satellite structure. The experimental study is based on the activation of a bending mode of the cables using a dedicated setup. The dissipation is expressed as a function of the curvature.
Thus, one can use the results to calculate a modal damping coefficient which depends on the position of the cables on the plate. The experimental approach uses a differential analysis to separate the dissipation sources, thereby isolating the sources associated with the cables.
The modeling of the dissipation of the cables is carried out by considering two mechanisms, RSUS + 6 white cables at height H3 RSUS + 6 white cables at height H2 RSUS + 6 white cables at height H1 RSUS + 4 white cables at height H3 RSUS + 4 white cables at height H2 RSUS + 4 white cables at height H1 RSUS + 2 white cables at height H3 RSUS + 2 white cables at height H1 RSUS without cable Dissipated energy of 6 cables tested at height H3 /6 Dissipated energy of 6 cables tested at height H2 /6 Dissipated energy of 6 cables tested at height H1 /6 simulation of dissipation of 1 cable at h = 0 mm simulation of dissipation of 1 cable at h = 13,7 mm simulation of dissipation of 1 cable at h = 29,7 mm simulation of dissipation of 1 cable at h = 36,7 mm 
